A critical role for impaired pulmonary defenses in the pathogenesis of shipping fever pneumonia in beef calves is suggested by the close association of this common and economically important disease with the stresses of weaning and transport (28) and the fact that bacterial pneumonia is caused by pathogens that are carried by many healthy calves (13) . Neutrophils are important effector cells in both innate and acquired immunity. These leukocytes have surface receptors for complement and other innate defense proteins, as well as Fc receptors that allow efficient recognition and phagocytosis of antibody-opsonized bacteria. Neutrophils are beneficial in most bacterial infections, using hypohalous acids, superoxide anion, antibacterial granule proteins, and proteases to kill and degrade bacteria (27, 36) . Nevertheless, these same products of neutrophils have the capacity to injure lung tissue, and neutrophil-derived cytokines are able to amplify the inflammatory response, further reducing alveolar ventilation and gas exchange in the inflamed lung. Whether neutrophil responses are beneficial or harmful in calves with pulmonary bacterial infection remains controversial (2, 30, 35) and probably depends on the magnitude of bacterial challenge, the immune status of the host, and specific virulence factors of the bacterial pathogen (17, 32) .
Neutrophils do not respond to bacteria in a stereotyped manner. Rather, the magnitude and the character of their phagocytic and bactericidal responses depend on cues derived from soluble or matrix-bound mediators in the local microenvironment. A variety of stimuli induce an oxidative burst in neutrophils in vitro, including phagocytosis of opsonized particles, the complement-derived anaphylatoxin C5a, the leukotoxin of Mannheimia haemolytica, and phorbol myristate acetate. Many other stimuli do not directly induce an oxidative burst but enhance or "prime" neutrophils for greater responses to agonists. Mediators that prime neutrophils include plateletactivating factor, leukotriene B4, chemokines such as interleukin-8 (IL-8), tumor necrosis factor alpha (TNF-␣), and lipopolysaccharide (14, 20, 21, 26, 31, 36) . A recent report of a child with recurrent bacterial infections associated with a defect in lipopolysaccharide-and cytokine-induced priming of neutrophils implies that this phenomenon of priming is critical to effective neutrophil function (12) .
Bovine IL-8 is chemotactic for neutrophils in vivo and in vitro and is responsible for 15 to 60% of the neutrophil chemotactic activity of bronchoalveolar lavage fluid in calves with pneumonic pasteurellosis (4) (5) (6) . The effects of IL-8 on other neutrophil functions is less well characterized. Short-term (30-min) treatment of bovine neutrophils with human IL-8 induced secretion of secondary granules and increased expression of CD11b but did not elicit primary granule release or oxidative burst (14, 21) . Previous studies have reported that IL-8 primes neutrophils for greater chemiluminescent responses to opsonized zymosan but have not fully characterized this effect (21) .
Bovine granulocyte colony stimulating factor (G-CSF) induces bone marrow neutrophil responses following systemic administration to calves. Daily administration of G-CSF induces a rapid mature neutrophilia within 24 h of injection that increases in magnitude in a dose-dependent manner during treatment. Immature neutrophils appear in blood on days 2 to 3 or days 3 to 12, depending on the dose of G-CSF administered. In the marrow, synchronous myeloid hyperplasia devel-ops within 9 days of treatment (8, 9, 18) . Exposure of bovine neutrophils to G-CSF causes increased cell surface expression of CD11a, CD11b, and CD18 and reduced expression of Lselectin (15) . Treatment of human neutrophils with G-CSF increases C3bi receptor expression, enhances phagocytosis and bacterial killing of Staphylococcus aureus, and primes for but does not induce an oxidative burst (16, 29, 38) . Previous studies indicate that neutrophils from preparturient cows treated with G-CSF have enhanced phagocytosis of S. aureus and cytotoxicity; reduced chemotactic function, iodination, and bactericidal activity; but no significant alterations in the oxidative burst (18) . The in vitro effects of G-CSF on antibacterial functions of bovine neutrophils have not been evaluated.
The purpose of this study was to evaluate the effect of bovine IL-8 and G-CSF on priming and activation of bovine neutrophils and to investigate whether these cytokines have a synergistic effect on neutrophils. We hypothesized, based on similar studies using human neutrophils (38) , that G-CSF would prime neutrophils whereas treatment of neutrophils with both IL-8 and G-CSF would lead to neutrophil activation.
MATERIALS AND METHODS
Reagents. All media and supplements were obtained from Canadian Life Technologies (Burlington, Ontario, Canada), unless otherwise specified. Culture medium (cRPMI) consisted of RPMI 1640 containing 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, penicillin (100 IU/ml), and streptomycin (100 g/ml). Recombinant bovine G-CSF was a generous gift from Amgen, Inc. (Thousand Oaks, Calif.). Recombinant bovine IL-8 was produced as previously described (4). 2,7-Dichlorodihydrofluorecein diacetate (H 2 DCFDA) and calcein AM were purchased from Molecular Probes Inc. (Eugene, Oreg.), and fluorescein isothiocyanate, isomer I (FITC), and HEPES were purchased from Sigma Chemical Co. (St. Louis, Mo.). RPMI, Hanks buffered salt solution, brain heart infusion (BHI) broth, and phosphate-buffered saline (PBS) were prepared inhouse, according to standard protocols.
FITC-labeled S. aureus was prepared by inoculating BHI broth with a pure isolate of S. aureus and incubating for 24 h at 37°C. Bacteria were heat killed in a 65°C water bath for 90 min, washed twice in PBS, resuspended in 1.0 M bicarbonate buffer (pH 9.5) containing 0.04% FITC, and incubated for 2 h at 37°C in the dark. Bacteria were washed twice in PBS, resuspended to 4 ϫ 10 8 cells/ml in PBS, and stored at Ϫ20°C in the dark.
Opsonized, heat-killed M. haemolytica was prepared by inoculating BHI broth with a pure isolate of M. haemolytica and incubating for 24 h at 37°C. Bacteria were heat killed in a 58°C water bath for 60 min and washed twice in PBS, and the concentration was adjusted to 2 ϫ 10 9 CFU/ml in PBS, as estimated by absorbance at 525 nm. Killed M. haemolytica cells were opsonized by adding equal volumes of bacterial suspension to 10% adult bovine serum in PBS. After incubating for 30 min at 37°C, bacteria were washed twice in PBS, resuspended to 10 9 CFU/ml in RPMI with 10% FBS and 1 mM HEPES, and stored at Ϫ20°C. Neutrophil function assays. Bovine peripheral blood leukocytes were isolated from clinically normal, 2 to 4 month old, Holstein calves as previously described (4) . Neutrophil assays were performed using aseptic conditions. Over 95% of the isolated cells were granulocytes, of which 87 to 98% were neutrophils depending on the number of eosinophils in whole blood. Cell viability exceeded 95% based on Trypan blue staining.
Oxidative burst in neutrophils was measured using flow cytometry to detect oxidation of the fluorochrome H 2 DCFDA, based on a modification of a previously described protocol (3, 10a, 34) . Neutrophils, at a concentration of 10 7 cells/ml, were incubated with cytokines at 37°C in cRPMI, and 10 mM H 2 DCFDA was added for the final 30 min of incubation. The cells were then added to either medium (RMPI containing 10% FBS and 1 mM HEPES) alone or medium containing 10 7 CFU/ml of heat-killed, opsonized M. haemolytica for a further 30 min at 37°C to stimulate superoxide release. Samples were placed in an ice bath, and mean fluorescence of the neutrophil population was measured within 20 min by flow cytometry (FACScan; Becton-Dickinson, Mountain View, Calif.). Samples in which neutrophils and bacteria were held on ice prior to and after mixing served as the negative control. Fluorescence was measured on 10,000 cells within the gated neutrophil population, and the difference between the mean fluorescence of the test and that of chilled samples was calculated.
The phagocytosis of FITC-labeled S. aureus was measured using flow cytometry. Neutrophils, at a concentration of 10 7 cells/ml in cRMPI, were incubated for 18 h with cytokines and then transferred to 5-ml culture tubes containing an equal volume of 10 8 FITC-labeled S. aureus/ml. Following a 30-min incubation in a 37°C shaking water bath, tubes were placed on ice, and chilled PBS containing 2.5 ϫ 10 Ϫ3 M EDTA and 0.5% Trypan blue was added to arrest phagocytosis and quench extracellular fluorescence. Samples in which neutrophils and bacteria were held on ice prior to and after mixing served as the negative control. Test specificity was confirmed in preliminary studies, using samples treated with cytochalasin D to inhibit phagocytosis. Internalization of fluorescent bacteria was analyzed by flow cytometry as described above.
The concentration of endotoxin in the cytokine preparations was measured using a kit (E-toxate; Sigma). To confirm that these levels of endotoxin did not cause priming of neutrophils, E. coli endotoxin was used in place of cytokines in the oxidative burst assay. Neutrophils were incubated in triplicate with endotoxin at concentrations of 0, 0.008, 0.08, 0.8, and 8.0 endotoxin units (EU)/ml for 18 h at 37°C and then stimulated with opsonized M. haemolytica, and the oxidative burst was measured as described above.
A mouse IgG2a monoclonal antibody against ovine IL-8 (clone 8 M6; Serotec, Raleigh, N.C.), which has previously been shown to inhibit IL-8-induced chemotaxis of bovine neutrophils (4, 5) , was used to confirm the specificity of the priming effect of IL-8 on neutrophils. Neutrophils were treated in duplicate for 18 h with IL-8 (400 ng/ml), with or without the addition of a 2-or 20-g/ml concentration of anti-IL-8 antibody (8 M6) or an irrelevant antibody (mouse IgG1 anti-CD18, clone MHM23; Dako Diagnostics, Mississauga, Ontario, Canada). After incubation, oxidative burst in response to killed, opsonized M. haemolytica was measured as described above.
The phagocytosis of FITC-labeled S. aureus was measured using flow cytometry. Neutrophils, at a concentration of 10 7 cells/ml in cRMPI, were incubated for 18 h with cytokines and then transferred to 5-ml culture tubes containing an equal volume of 10 8 FITC-labeled S. aureus/ml. Following a 30-min incubation in a 37°C shaking water bath, tubes were placed on ice, and chilled PBS containing 2.5 ϫ 10 Ϫ3 M EDTA and 0.5% Trypan Blue was added to arrest phagocytosis and quench extracellular fluorescence. Samples in which neutrophils and bacteria were held on ice prior to and after mixing served as the negative control. Test specificity was confirmed in preliminary studies, using samples treated with cytochalasin D to inhibit phagocytosis. Internalization of fluorescent bacteria was analyzed by flow cytometry as described above.
Intrapulmonary IL-8 testing. The in vivo effect of IL-8 was examined in a clinically healthy, hematologically normal, 4-month-old, male Holstein calf. The calf was treated with flufenicol (20 mg/kg of body weight) every two days for three treatments to eliminate subclinical bronchopneumonia, and the drug was withdrawn for 6 days prior to IL-8 administration. The calf was sedated with xylazine (0.15 mg/kg) and butorphanol (0.06 mg/kg). A bronchoscope was wedged into a bronchus, and 10 ml of IL-8 or PBS was slowly instilled. Six distinct bronchi were infused: two with PBS alone, one with 3 g of IL-8, two with 30 g of IL-8, and one with 300 g of IL-8. The calf was euthanized 18 h later, and the same bronchi were lavaged with PBS. Six sections of each area of lung supplied by these bronchi were fixed in formalin; histologic sections were processed routinely, stained with hematoxylin and eosin, and examined microscopically. The total number of cells retrieved by lavage of each site was determined using a Coulter counter, and differential counts were performed on Wright's-stained cytocentrifuge preparations. Cells were washed twice in PBS, and the oxidative burst assay was performed as described above.
Statistical analysis. Data are presented as mean Ϯ standard error of the mean. Data were analyzed using the Student's t test. When experiments were repeated using neutrophils from different calves on different days, data were analyzed using repeated-measures analysis of variance (ANOVA). If the ANOVA test was significant at P Ͻ 0.05, then individual comparisons were evaluated using Tukey's multiple-comparison test. For evaluation of the dose-dependent effect for both cytokines in combination, the overall effect of each cytokine was analyzed by two-way ANOVA, followed by Student's t tests to estimate the significance of individual differences.
RESULTS

Effect of IL-8 and G-CSF on oxidative burst of bovine neutrophils.
To determine the effect of IL-8 and G-CSF on bovine neutrophil function, we examined whether treatment of isolated peripheral blood neutrophils for 18 h with these cytokines would alter their response to opsonized, heat-killed M. haemolytica bacteria. In a preliminary experiment, the neutrophil oxidative burst induced by M. haemolytica was significantly enhanced in a dose-dependent manner by pretreatment with IL-8 at a concentration of 400 or 4,000 ng/ml or with G-CSF at a concentration of 200 or 2,000 ng/ml (P Ͻ 0.005). Treatment with both IL-8 and G-CSF enhanced oxidative burst to M. haemolytica above that observed with either cytokine alone, with G-CSF (200 ng/ml) and IL-8 (400 ng/ml), resulting in maximal responsiveness. Incubation of neutrophils with either IL-8 or G-CSF, in the absence of M. haemolytica, did not induce an oxidative burst at the concentrations examined.
To confirm this priming effect, neutrophils isolated from five different calves on different days were pretreated with IL-8 (0, 4.0, or 400 ng/ml) and/or G-CSF (0 or 200 ng/ml), and this was followed by stimulation with M. haemolytica. The priming effect of 400-ng/ml IL-8 was significant (P Ͻ 0.001). G-CSF also significantly (P Ͻ 0.05) increased the responsiveness of neutrophils, but to a lesser degree than IL-8. Combined treatment with IL-8 (400 ng/ml) and G-CSF (200 ng/ml) induced maximal priming of neutrophils (Fig. 1) .
The potential role of endotoxin as a contributor to this priming effect was examined. The endotoxin concentrations were low (0.19 EU per g of IL-8) in the IL-8 preparation, and undetectable in the G-CSF. Thus, the neutrophil samples incubated with the concentration of IL-8 that gave the maximal effect (400 ng/ml) contained 0.078 EU of endotoxin/ml. Nevertheless, treatment of neutrophils for 18 h with 0.008, 0.08, 0.8, or 8.0 EU of endotoxin/ml did not enhance the subsequent oxidative burst induced by killed, opsonized M. haemolytica.
To further confirm that the priming effect was specific for IL-8, neutrophils were incubated with IL-8 and either a neutralizing anti-IL-8 antibody or an irrelevant antibody. Treatment with the anti-IL-8 antibody at 20 and 2.0 g/ml reduced the priming effect by 54.9 and 25.5% compared to treatment with the irrelevant anti-CD18 antibody and by 49.6 and 23.4% compared to no antibody treatment (Fig. 2) . This effect of treatment with anti-IL-8 antibody (20 g/ml) was significant at P Ͻ 0.025.
Effect of IL-8 and G-CSF on phagocytosis by bovine neutrophils.
The effect of IL-8 and G-CSF on phagocytosis was examined using the cytokine concentrations found to be effective for priming for an oxidative burst. Treatment of bovine neutrophils for 18 h with IL-8 (400 ng/ml) or G-CSF (200 ng/ml) significantly enhanced phagocytosis of FITC-labeled S. aureus, compared to untreated neutrophils (P Ͻ 0.001 and P Ͻ 0.01, respectively). Maximal enhancement of phagocytosis was induced by combined treatment with IL-8 and G-CSF (Fig. 3) .
Time course of IL-8-and G-CSF-induced priming of bovine neutrophils. The time course of neutrophil priming by IL-8 and G-CSF was examined by incubating neutrophils with cytokines for 0.5, 1, 6, 12, 18, or 24 h, then measuring oxidative burst in response to opsonized, heat-killed M. haemolytica. A priming effect was observed at 6 and 12 h, was maximal at 18 h, and declined by 24 h (Fig. 4) Histologic lesions were more obvious in areas treated with 300 g IL-8 ( Fig. 6 A and B) . In these sections, lesions followed a lobular pattern and were most intense in the centrilobular region of the lobule (adjacent to bronchioles). Alveoli were filled with numerous neutrophils, up to 60 per 50-mdiameter alveolus. Most neutrophils were nonnecrotic and had a ruffled cell border, eosinophilic cytoplasm, and a multilobed nucleus. Less than 1% of the neutrophils had rounded nuclei with condensed chromatin, suggestive of apoptosis. Many macrophages contained apoptotic bodies, probably derived from neutrophils (Fig. 6C) . These appeared as eosinophilic 4-to 10-m-diameter globules in the cytoplasm. Some apoptotic bodies contained round 5-to 8-m-diameter, basophilic aggregates of chromatin, but never contained intact multilobed nuclei. These macrophages had moderately foamy cytoplasm, and were occasionally multinucleated. Bronchioles contained exudate similar to that in the alveoli, and neutrophils were present in the bronchiolar epithelium and peribronchiolar connective tissue. Neutrophil margination in vessels was not apparent. In one section, interlobular septa contained many neutrophils in the lymphatics and the septal connective tissue.
DISCUSSION
The purpose of the study was to evaluate the effects of bovine IL-8 and bovine G-CSF, alone and in combination, on priming and activation of bovine neutrophils. These results form the basis for further investigations of the phenomenon of neutrophil priming and activation in response to cytokines. Treatment of bovine neutrophils for 18 h with IL-8 or G-CSF did not directly induce an oxidative burst response. These findings are in agreement with previous reports on the effects of IL-8, where treatment of bovine neutrophils for 30 min with human IL-8 induced chemotaxis and secondary granule secretion but not oxidative burst or primary granule release (11, 14, 22) . Similarly, previous studies did not detect significant differences in oxidative burst between G-CSF-treated and untreated cows (18) .
In contrast to the inability of IL-8 and G-CSF to directly induce an oxidative burst, these cytokines each primed bovine neutrophils to augment the oxidative burst response following exposure to serum-opsonized M. haemolytica. The priming effect of IL-8 was dose dependent, and maximal at 400 and 4,000 ng/ml, the highest doses tested. G-CSF primed neutrophils at   FIG. 3. IL-8 and G-CSF augment phagocytosis of S. aureus by bovine neutrophils. Neutrophils were treated for 18 h with IL-8 at a concentration of 40 or 400 ng/ml and/or G-CSF (200 ng/ml) and then exposed to FITC-labeled S. aureus for 30 min. Treatment with IL-8 (400 ng/ml) and/or G-CSF (200 ng/ml) resulted in dose-dependent enhancement of phagocytosis, and treatment with both cytokines together induced the maximal enhancement of phagocytosis. The data represent five replicates using neutrophils isolated from different calves on different days. The level of significance is based on repeatedmeasures ANOVA (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001) .   FIG. 4 . Timing of G-CSF-and IL-8-induced priming of bovine neutrophils. Neutrophils were cultured for 24 h, and cytokines were added at specified times prior to measuring the M. haemolytica-induced oxidative burst response. The data indicate neutrophils cultured in medium alone (white bars), G-CSF (200 ng/ml) (grey bars), IL-8 (400 ng/ml) (black bars), or G-CSF and IL-8 combined (hatched bars). Neutrophil priming was maximal at 18 h of cytokine exposure. concentrations of 200 and 2,000 ng/ml. The greatest priming effect was apparent when neutrophils were coincubated with both cytokines, in which case the maximum effects were induced by IL-8 at a concentration of 400 or 4,000 ng/ml and G-CSF at a concentration of 200 ng/ml. To confirm these findings, the experiments were repeated using neutrophils isolated from five different calves, and similar findings were obtained for all calves. Endotoxin contamination, at the levels present in the recombinant IL-8 preparation, did not prime neutrophils for greater responses to M. haemolytica. Addition of a monoclonal antibody to ovine IL-8-which has been previously shown to neutralize the in vitro neutrophil chemotactic activity of bovine IL-8 (4)-reduced the priming effect by 55%, confirming that IL-8 was specifically responsible for enhancing the subsequent response to M. haemolytica. Significant IL-8-induced priming of neutrophils was not detected when neutrophils were exposed to IL-8 for 30 or 60 min, but was striking after 18 h of incubation. In contrast, exposure of human neutrophils to IL-8 for as little as 5 min enhanced the subsequent oxidative burst response to FMLP and IL-8 (10, 38) . The delayed effect found in this study suggests that IL-8-induced priming of neutrophil oxidative burst is a consequence of induced gene expression, rather than a sequel to rapid intracellular signaling mechanisms.
Proximal signaling pathways differ between the major groups of agonists-cytokines, platelet-activating factor, and opsonized particles (37) . The pathways of IL-8-stimulated signal transduction have been recently reviewed (23, 39) . IL-8 receptors signal through heterotrimeric G proteins to activate phospholipase C, stimulating production of diacyglycerol and inositol triphosphate (IP3). Rapid IP3-mediated release of calcium from the endoplasmic reticulum and more-prolonged influx from the extracellular environment induce many of the downstream effects of IL-8 stimulation of neutrophils. However, alternative intracellular calcium-dependent signaling pathways-other than the phospholipase Cb/IP3 pathwayexist in human neutrophils. These include G protein-mediated activation of sphingosine kinase, with sphingosine-1-phosphate-induced calcium mobilization, and a third postulated pathway involves cADP ribose as a trigger for ryanodine receptor-mediated calcium release (23, 39) . Nevertheless, the mechanisms whereby these proximal signaling pathways lead to enhanced responses to other agonists have not been defined.
The phenomenon of neutrophil priming represents a dosedependent constellation of responses to a wide variety of agonists. The major priming agonists that have been shown to act on bovine neutrophils include IL-8, TNF-␣, platelet-activating factor, leukotriene B4, and lipopolysaccharide. Priming agonists do not fully activate neutrophils; that is, they do not induce an oxidative burst or secretion of primary granules. In general, neutrophils exposed to these priming agonists in vitro (36) . Surface receptor alterations in G-CSFtreated bovine neutrophils include reduced expression of Lselectin and increased expression of the integrins CD11a, CD11b, CD11c, and CD18 (15) . In addition, reduced expression of the C5a receptor CD88 (1) and polarized cell surface distribution of the P-selectin receptor sialyl Lewis X antigen (24) have been documented in cytokine-primed human neutrophils. Stimulation of bovine neutrophils with IL-8 induces shape change, characterized by elongation of the cell and formation of lamellipodia (4), and secretion of secondary granules, detected by release of alkaline phosphatase into the culture medium (14) . Neutrophil responses to agonists are not standardized; rather, the character and the magnitude of the response is dependent on the dose of the agonist, the presence of prior or concurrent stimuli from other agonists, and other contextual signals from the tissue microenvironment including the tissue matrix, serum, oxygen tension, and temperature (36) . Thus, neutrophil activation in vivo at sites of inflammation may not necessarily follow the patterns predicted by in vitro experiments. Because the functional changes in IL-8-elicited bovine neutrophils have not been previously evaluated, we evaluated the effect of IL-8 administration in vivo to verify its neutrophil chemotactic and priming activities in the bovine lung. Intrabronchial perfusion of 3.0 to 300 g of IL-8 elicited a dosedependent increase in the number of neutrophils in BAL fluid. Histologic evaluation confirmed that IL-8 recruits neutrophils into alveoli and bronchioles.
The in vitro phenomenon of priming also occurred in vivo, in neutrophils that were recruited to the lung by bronchoscopedelivered IL-8. This in vivo effect represents more than simple IL-8-exposure, as these neutrophils would also have experienced stimulation of adhesion receptors; chemotaxis through the endothelium, basement membrane, and type I pneumocyte; and exposure to surfactant lipids and proteins during the process of recruitment from the blood to the pulmonary alveolus.
Histologic evaluation of the IL-8-perfused lung revealed evidence of neutrophil apoptosis and uptake by macrophages. This is consistent with previous findings after intradermal injection of IL-8 (4). Neutrophils undergo spontaneous apoptosis after 24 to 48 h of in vitro culture, but apoptosis can be delayed by treatment of the neutrophils with pro-inflammatory cytokines such as IL-1, gamma interferon, granulocyte-monocyte colony stimulating factor, C5a, or, in some studies, tumor necrosis factor alpha or lipopolysaccharide (7, 19, 25, 33) . Together, these findings suggest that IL-8-recruited neutrophils have a short life span in the lung and are cleared by apoptosis within 18 h, whereas neutrophil life span may be prolonged if these cells are costimulated by the other proinflammatory mediators expected to be present during an inflammatory response to bacterial infection.
These findings establish that in vitro exposure of bovine neutrophils for 18 h to the cytokines IL-8 and G-CSF does not directly induce neutrophil activation but does prime neutrophils for greater responses to bacterial pathogens. This priming effect also occurs in vivo, and neutrophils that are recruited to the lung in response to IL-8 spontaneously develop morphological features of apoptosis in the absence of other stimuli.
